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Abstract 
Measurement of CO2/water two phase fluids flow in the porous media under sequestration conditions by Magnetic 
Resonance Imaging (MRI) technique was studied in this paper. The porous media was formed from a packed bed of 
glass beads. A spin echo sequence was used to measure the distribution of CO2 and water after the CO2 was injected 
into the porous media containing water. The displacement front was different with the packed beds. For displacement 
experiments in BZ-02 and BZ-2, three stages were obtained. The CO2 channeling or fingering phenomena were 
obviously found. Also breakthrough time was different in BZ-02 and BZ-2. The final water residual saturation 
depended on permeability. The larger the permeability was, the wider the front is. The distribution of CO2 was 
uniform in the packed beds with larger glass beads. Breakthrough occurred early. In other packed bed, the 
breakthrough occurred latter. The front was affected by pore porosity and permeability. The residual saturation was 
calculated from the intensity images. The residual saturation was inverse proportion to larger permeability, then direct 
proportion to flow rate. 
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1. Introduction 
Understanding the flow process of fluids in porous media is importance to many engineering systems 
such as oil recovery from rock formations, and heat and mass transport in packed beds. Two basic 
approaches can be used to describe the flow of fluids in porous media including the microscopic and 
                                                          
*Corresponding author. Tel.: +086-0411-84707100; fax: +086-0411-84708015. 
E-mail address: songyc@dlut.edu.cn. 
Available online at www.sciencedirect.com
© 201  rs. Published by Elsevier Ltd.
Selecti r-review under responsibility of GHGT
6840   Lanlan Jiang et al. /  Energy Procedia  37 ( 2013 )  6839 – 6845 
macroscopic descriptions. In the microscopic approach, the well-known equations to describe 
conservation of momentum, energy and mass within the fluids are used, and the boundary conditions are 
specified. This approach could provide some insight into the phenomena such as the effects of certain 
features on experimental observations, and it can be used to predict macroscopic properties of system. In 
the macroscopic approach, a continuum-level description is used at a large scale and the detailed 
geometry of the porous media need not be explicitly considered. One of the powers of NMR is that it can 
be used to probe both microscopic and macroscopic properties. However, characterizing the properties of 
porous media and determining the structure Àow correlations are still major challenges for successful 
applications of NMR to fluids in porous media [1]. 
Recent advance in MRI technique has also been applied to distinguish pore geometry, and the fluid 
flow and pore structure can be quantitatively measured [2,3]. It also used to measure the liquid 
distribution in packed beds in multiphase flow systems. In earlier work, Sederman et al.[4] considered 
single phase flow in packed beds and investigated the influence of the local structure of the packed bed on 
flow behavior. Then the techniques developed to investigate in two phase flow in packed beds. Sederman 
and Gladden[5] reported two dimensional and three dimensional visualizations of gas liquid distribution. 
Liquid holdup, wetting efficiency and the number of liquid rivulets within the bed for the range of gas and 
liquid flow rates were investigated. The correlations with liquid superficial velocity and dynamic liquid 
saturation were obtained. Three dimensional visualizations were shown to give additional insights into 
rivulet and surface wetting characteristic as a function of a gas and liquid flow rate. Increase in the gas 
flow rate did not affect the distribution of liquid until temporal instabilities arose at constant liquid flow 
rate. Gladden et al [6] reported single phase reaction process to identify the rate limiting step in the 
chemical conversion, and they investigated the stability of the gas and liquid distribution during two 
phase flow in a fixed bed of particles by using FLASH imaging. Ngutyen et al[7] measured the liquid 
distribution in catalyst beds under steady state trickle flow condition. The experimental results confirmed 
that there is a significant influence of temperature in the trickle flow regime. Sankey et al [8] investigated 
images of both gas and liquid velocities during stable liquid gas flow of water and SF6 within a packing 
bed. Szalinski et al [9] investigated two different two phase flows involving air/water and air/silicone oil 
at the same flow conditions and in a vertical pipe. 
In a previous paper [10], we presented MRI phase fluid flow images obtained for pipe and packed beds. 
In the earlier work it has been shown that the velocity distribution was annular in pipe, and it had flow 
paths for packed bed. In this study, we extended the MRI technique to measure and visualize directly two 
phase flow in packed beds under sequestration condition. 
2. Experimental System 
2.1. Experimental equipments 
The experimental equipment is shown in Fig. 1a. Three parts were constructed in the equipment to 
measurement of fluid flow. The first is MRI part for acquisition. MRI experiments were carried out on a 
Varian 400 NMR system, 9.4 T magnet equipped with shielded gradient coils providing a maximum 
gradient strength of 50 Gauss/cm. The diameter of the system is 40mm. Proton (1H) images were acquired 
at a frequency. The acquired MRI raw data are firstly Fourier transformed and then transferred to local 
computers for the further processing. Fig.1b shows the vessel for padded porous media. The material of 
the vessel is nonmagnetic, and the core plugs are made of copper. So it does not influence the magnetic 
signal in the experiments. Distribution plates at the bottom of the vessel are to ensure distribution of water 
equality. The vessel is an internal diameter of 15 mm and a length of 200 mm. Temperature could be 
controlled by fluorocarbon oil circulating on the sides of the vessel. The second one is the injection part 
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for CO2 and water. It was constituted by a pump (D-250L) and intermediate containers. The pump is 
constant pressure and flow rate. The accuracy of pump is ±0.03ml/min. The temperature of intermediate 
containers is controlled air. The last one is the recycling part. Among the three parts, there are some tubes 
of 3 millimeter inner diameter. The material of tube is paramagnetic, which is negligible in magnetic field. 
2.2. Experimental process 
Packed beds were formed from glass beads with diameter of 2.00mm (BZ-2) and 0.20mm(BZ-02), 
respectively. To ensure that surfaces of glass beads are free of air bubbles, packed beds were filled in 
vessel, and then vacuumed for 1 hour. The vessel (Fig.1b) was placed in the center of magnet. 
Prior to each experiment, the vessel was vacuumed. Then de-ionized water was injected upwards into 
the packed bed. De-ionized water was pumped from a water reservoir through 2 m length and 3 mm inner 
diameter copper tube. After saturation with water, it usually took 1 hour for reaching stable. CO2 was 
injected downwards. For 2D images, CO2 was used as the gas phase under 6Mpa and 298K. The pressure 
is higher than that of water phase in the vessel. Temperature could be controlled by fluorocarbon oil 
circulating on the sides of the vessel. Images were recorded for different velocities. The Cartesian 
coordinate axis were defined such that positive corresponded to the water flow direction. 
 
(a) 
        
(b) 
Fig.1: Illustration of (a) experimental setup, (b) the vessel. 
Prior to each experiment, the vessel was vacuumed. Then de-ionized water was injected upwards into 
the packed bed. De-ionized water was pumped from a water reservoir through 2 m length and 3 mm inner 
diameter copper tube. After saturation with water, it usually took 1 hour for reaching stable. CO2 was 
injected downwards. For 2D images, CO2 was used as the gas phase under 6Mpa and 298K. The pressure 
is higher than that of water phase in the vessel. Temperature could be controlled by fluorocarbon oil 
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circulating on the sides of the vessel. Images were recorded for different velocities. The Cartesian 
coordinate axis were defined such that positive corresponded to the water flow direction. 
For the packed beds, 2D images were acquired in the plane parallel to the direction of flow using a 
based spin echo sequence. A total gradient echo time was 3 hour for all images. The based sequence is 
widely used in MRI measurement technique. It can provide distinct information with a short time. The 
data matrix consisted of 256*256 spatial points with a field of view of 40*40mm2.so pixel of in plane 
resolution is 156.3*156.3um2. The slice thickness was 1mm and the repetition time was 43s. In the study, 
high pressure injection tests were performed to study the effects of CO2 injection rate and the 
displacement front. 
3.  Result and Discussion 
Fig.2 and Fig.3 shows the displacement process in the packed bed with BZ-2 and BZ-02.  
For BZ-2,CO2 front phenomenon is not obvious. The front width does not change with continued flow 
at a constant flow rate. Then the breakthrough occurs. When the breakthrough occurs, CO2 distribute all 
over the beds. During the displacement process, CO2 distribution is uniform. The displacement gets 
balanced in continued hours. The distribution of CO2 and water become stable. With different flow rate, 
the displacement process is different. The breakthrough time gets longer with small flow rate. 
2D images for the BZ-02 were obtained with the same sequence and experimental condition. Fig.3 
shows the displacement process in BZ-02. Until the front edge reaches the outlet of beds, the 
breakthrough occurred. It occurred earlier than the packed bed with BZ-2. Before breakthrough, The CO2 
distribution is heterogeneous. After breakthrough, CO2 distribute all over the longitudinal section. Then 
the displacement reaches balanced. The distribution of CO2 and water become stable.  
 
 
 
 
 
Fig. 2: MR signal intensity distribution with flow rate 0.01ml/min,0.03ml/min and 0.1ml/min,6Mpa 295K for BZ-2. 
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Fig.3: MR signal intensity with flow rate 0.03ml/min,6Mpa 295K for BZ-02.  
 
Fig.4.The MR signal intensity profile of the FOV along the porous media with 0.03ml/min for CO2 flow rate 
From the MR signal intensity profile of images (Fig.4), Both the displacement process in BZ-2 adn 
BZ-02,there are three stages. The first stage is from the beginning of injection to CO2 front moved into 
the FOV. During the stage, the water intensity decreases gradually. Then the second stage occurred which 
is from CO2 front moved into the FOV to CO2 breakthrough. During this stage, the CO2 moves because of 
fluid viscosity and gravity forces. It is found from this stage that the CO2 channeling or fingering fronts 
are formed. The packed porous media is not perfectly homogeneous, Therefore some thin channels were 
established, and the CO2 ran through the channels vertically in a short period. During this stage, water 
intensity decreased sharply. At last the displacement gets into the third stage. With CO2 is injected 
continually, the water MR signal intensity decreases gradually to a constant. 
From the MR intensity images, the initial water saturation was considered to be 99%-100%. By 
calculating intensity ratio, residual water saturation Sw can be obtained: 
0
0
i
W
I SS
I
                                                                                                                                      (1) 
where 0S  is the initial water saturation before the injection of CO2, and its value is 1.Ii means the MR 
signal intensity at the time i, I0 means the initial MR signal intensity . 
The final residual saturation of different displacement procedures are listed in table 1. The residual 
saturation is dependent on CO2 injection rate and pressure. In the injection pressure range, the injected 
CO2 is in gas phase with an extremely low viscosity, which caused the early breakthrough in the 
displacement process. Larger water residual saturation is attributed to the early CO2 breakthrough. So the 
increased injection pressure is due to increased CO2 viscosity and interfacial tension. The residual 
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saturation increases with the increased flow rate. The increasing flow rate results in early breakthrough 
and larger residual saturation.  
The comparison of displacement process between BZ-02 and BZ-2 clearly shows a dependence of the 
water final residual saturation on permeability. A lower permeability always leads to a larger saturation. 
With a lower permeability, the CO2 channeling or fingering phenomena are more obviously. And the 
breakthrough time is longer. The results are very well in the agreement with literatures [11, 12]. 
 Table 1: Saturation of residual water under different conditions 
 Packed bed with BZ-2 Packed bed withBZ-02 
Flow rate(ml/min) 0.01 0.03 0.1 0.03 
Residual saturation 25.32% 22.3% 32.5% 29.1% 
4. Conclusions. 
In this study, high-resolution MRI was used to investigate two phase fluids flow of CO2 and water in 
porous media. The porous media was formed from packed bed of glass beads. CO2 was injected into 
packed beds after saturating of water. 
For displacement experiments in BZ-02 and BZ-2, three stages were obtained. The CO2 channeling or 
fingering phenomena were obviously found. Also breakthrough time was different in BZ-02 and BZ-2. 
The final water residual saturation depended on permeability. A lower permeability always leaded to a 
larger final saturation. Moreover, the CO2 water interface usually became unstable and fingering or 
channeling occurred when a low viscous fluid (CO2) displaced a high viscous fluid (water). This 
phenomenon caused premature breakthrough of the CO2 to occur and hence a reduced displacement 
efficiency of the water. The residual saturation increases with the increased flow rate. The increasing flow 
rate results in early breakthrough and larger residual saturation.  
These fundamental studies will provide important insights about the CO2 displacement process in 
water saturated porous media. It is important to investigate the leakage and optimize the design and 
operation of CO2 storage projects.  
 
Nomenclature 
Sw               residual water saturation 
0S  the initial water saturation 
Ii  MR signal intensity at the time i 
I0 the initial MR signal intensity  
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